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Na1 Action Potentials in Human Photoreceptors
decreasing a Ca21 influx at their synaptic terminals (Lip-Fusao Kawai,1,3 Masayuki Horiguchi,2
Hiromitsu Suzuki,2 and Ei-ichi Miyachi1 ton et al., 1977; Copenhagen and Jahr, 1989; Wa¨ssle
and Boycott, 1991; Masland, 1996; Savchenko et al.,1Department of Physiology
2 Department of Ophthalmology 1997; DeVries and Schwartz, 1999).
Although mammalian photoreceptors are commonlySchool of Medicine
Fujita Health University thought to be nonspiking neurons (Bader et al., 1982;
Maricq and Korenbrot, 1990; Yagi and Macleish, 1994;Toyoake, Aichi 470-1192
Japan Schneeweis and Schnapf, 1995; Berry et al., 1999), elec-
trophysiological recordings with suction electrodes
show that the termination of a light stimulus induces
spike-like current responses in monkey photoreceptorsSummary
(Schnapf et al., 1990). This raises the possibility that
primate photoreceptors may be able to generate actionMammalian photoreceptors are hyperpolarized by a
light stimulus and are commonly thought to be non- potentials. However, this hypothesis still remains uncer-
tain, as there are few voltage recordings from primatespiking neurons. We used the whole-cell patch-clamp
technique on surgically excised human retina to exam- photoreceptors (Schneeweis and Schnapf, 1995; 1999;
2000). Using the patch-clamp technique, we examinedine whether human photoreceptors can elicit action
potentials. We discovered that human rod photore- whether human rod photoreceptors can elicit action po-
tentials, and also investigated the role of the voltage-ceptors express voltage-gated Na1 channels, and gen-
erate Na1 action potentials, in response to membrane gated currents for rod voltage responses. While there
is a report on the photocurrent in human photoreceptorsdepolarization from membrane potentials of 260 or
270 mV. Na1 spikes in human rods were elicited at using the suction electrode recording technique (Kraft
et al., 1993), we wanted to document patch-clamp re-the termination of a light response that hyperpolar-
ized the potential well below 250 mV. This served to cordings from human photoreceptors.
We discovered that an injection of depolarizing cur-amplify the release of a neurotransmitter when a bright
light is turned off, and thus selectively amplify the off rent steps to a rod, under current-clamp conditions,
induced marked action potentials. These action poten-response to the light signal.
tials were blocked by 1 mM tetrodotoxin (TTX), a voltage-
gated Na1 channel blocker, but not by 1 mM Co21, aIntroduction
Ca21 channel blocker, suggesting that they were Na1
spikes rather than Ca21 spikes. This result differs fromThe photocurrent of retinal photoreceptors primarily re-
flects light-activated biochemical processes in the outer the previous observations done on cold-blooded verte-
brate retinae, whose photoreceptors did not generatesegment (Yau and Baylor, 1989; Torre et al., 1995; Bay-
lor, 1996; Koutalos and Yau, 1996; Broillet and Firestein, Na1 spikes but Ca21 spikes (Fain et al., 1980; Gerschen-
feld et al., 1980; Piccolino and Gerschenfeld, 1980; Mar-1999; Pugh et al., 1999). Photoexcited visual pigment
activates the GTP binding protein transducin, which icq and Korenbrot, 1988). Under voltage-clamp con-
ditions, depolarizing voltage steps from a holdingstimulates cGMP phosphodiesterase. This enzyme hy-
drolyzes cGMP, allowing cGMP-activated cationic potential of 2100 mV induced a fast transient inward
current, which was blocked by 1 mM TTX. This indicateschannels in the outer segment to close (Matthews and
Watanabe, 1987; Kawamura and Murakami, 1991; Kraft that human rods express voltage-gated Na1 channels.
We suggest that Na1 action potentials in human rodset al., 1993; Zagotta and Siegelbaum, 1996). The photo-
voltage, however, also can be shaped by voltage-gated may be elicited at the termination of a hyperpolarizing
light response to amplify the release of a neurotransmit-channels in the inner segment (Bader et al., 1982; Maricq
and Korenbrot, 1990; Yagi and Macleish, 1994; Schnee- ter (glutamate) at light off.
weis and Schnapf, 1995). Major voltage-gated currents
measured in vertebrate photoreceptors are an L-type Results
Ca21 current, a delayed rectifier K1 current, a fast tran-
sient K1 current, and a hyperpolarization-activated cat- In recent vitreoretinal surgery for humans, a small piece
ionic current (h current; Bader et al., 1982; Maricq and of retina is sometimes excised to treat a severe retinal
Korenbrot, 1990; Wollmuth and Hille, 1992; Yagi and detachment (Michels et al., 1990). We utilized these ex-
Macleish, 1994). Notably, voltage-gated Na1 currents cised tissues (diameter less than 1 mm) from the periph-
are not found. The voltage-gated currents in the inner eral (equator) retina. We chose retinal slices rather than
segments are of particular importance because the pho- dissociated cells in order to minimize the damage to
tovoltage, not the photocurrent, controls synaptic trans- the photoreceptors, and then recorded the membrane
mission (Copenhagen and Jahr, 1989; Schneeweis and voltage and currents from the perikarya of the photore-
Schnapf, 1995). A light stimulus hyperpolarizes photore- ceptors using the whole-cell patch clamp (Figure 1). To
ceptors and reduces the release of neurotransmitter by identify the types of cells in the retinal slice, Lucifer
yellow was added to the pipette solution. The inner seg-
ment, perikarya, and axon of the photoreceptor were3 Correspondence: fkawai@fujita-hu.ac.jp
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Figure 1. Slice Preparation of a Human Ret-
ina during Patch-Clamp Recording from a
Photoreceptor
(A) A Nomarski micrograph of the retinal slice.
The patch electrode, of which only the tip
is in focus, approaches the perikarya of a
photoreceptor from the left side. OS, photo-
receptor outer segments; IS, photoreceptor
inner segments; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer.
(B) Lucifer yellow fluorescence in the same
photoreceptor as in (A).
clearly stained by Lucifer yellow; however, the outer in 2 out of 3 rods and a single action potential in one
rod (Figure 2C). These action potentials were alsosegment did not stain (Figure 1B), probably due to a
partial loss of outer segments caused by the retinal blocked by 1 mM TTX (Figure 2D). This suggests that
they were Na1 spikes rather than Ca21 spikes.detachment. The rod-shaped inner segment suggests
that the recorded cell is a rod photoreceptor. In the Because a light stimulus hyperpolarizes photorecep-
tors by reducing the cGMP-gated inward current in thepresent study we selectively recorded from these rods.
outer segment (Yau and Baylor, 1989; Torre et al., 1995;
Pugh et al., 1999), we also examined the effects of hyper-Na1 Action Potentials in Human Rods
To test whether human rods can generate action poten- polarizing current steps of various intensities on the
voltage responses of a rod. To mimic a light stimulus intials, we recorded the voltage response of a rod to depo-
larizing current injection under current-clamp conditions. darkness, the rod was depolarized to the dark resting
potential (approximately 240 mV; Schneeweis andIn order to remove inactivation of the voltage-gated
channels, the membrane potential was hyperpolarized Schnapf, 1995) by injection of a steady positive current.
At the termination of hyperpolarizing current steps (280from the resting level (258 6 4 mV; mean 6 SEM, n 5 13)
by injection of steady negative current. This condition is and 2100 pA), prominent action potentials were ob-
served (Figure 3A; n 5 3). This suggests that the termina-equivalent to a steady light stimulus, as the steady light
keeps a rod hyperpolarized (Yau and Baylor, 1989; Torre tion of the light stimulus might elicit Na1 spikes in human
rods. Being that the photocurrent is known to decayet al., 1995; Pugh et al., 1999). Surprisingly, depolarizing
current steps (160 and 180 pA) induced a single action gradually with time (Yau and Baylor, 1989; Torre et al.,
1995; Pugh et al., 1999), we also investigated the effectspotential (Figure 2A). This spike was blocked by a volt-
age-gated Na1 channel blocker, 1 mM TTX (Figure 2B), of the “off” time course of the hyperpolarizing current
on voltage responses. The cessation of the current injec-but not the Ca21 channel blocker, 1 mM Co21. A similar
result was obtained in rods of the retina excised for the tion at the rates of 13.2 and 1.07 pA/ms induced marked
action potentials (Figure 3B; n 5 3). As the off-phase ofsurgery of the foveal translocation (n 5 3, not shown).
When recording pipettes filled with a low concentration the hyperpolarizing current was slowed down (10.64,
10.46, and 10.36 pA/ms), the spike amplitude de-of chloride were used, we observed continued spiking
Na1 Spikes in Human Rods
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Figure 2. Human Rod Photoreceptors Gen-
erate Na1 Action Potentials in Responses to
Membrane Depolarization
(A) Voltage responses to depolarizing current
steps of increasing intensities (120, 140,
160, and 180 pA). The rod was hyperpolar-
ized to 276 mV by injection of 2100 pA
steady current. Co21 (1 mM), picrotoxin (100
mM), and strychnine (1 mM) were added to
the bath solution to block synaptic inputs.
The recording pipette was filled with 140 mM
KCl solution.
(B) Voltage responses recorded from the same
cell as in (A) in the bath solution containing 1
mM tetrodotoxin (TTX). Conditions of injected
currents were also the same as in (A).
(C) Voltage responses of another rod to depo-
larizing current steps of increasing intensities
(120, 140, 160, and 180 pA). The rod was
hyperpolarized by injection of 2100 pA
steady current. The recording pipette was
filled with 125 mM potassium gluconate so-
lution.
(D) Voltage responses recorded from the
same rod as in (C) in the bath solution con-
taining 1 mM TTX. Conditions of injected cur-
rents were also the same as in (C).
creased gradually (Figure 3B), probably due to inactiva- Na1 spikes. After the termination of the command pulse,
a slowly decaying outward tail current was observedtion of the voltage-gated currents in the inner segment
and/or axon. The spikes were blocked by 1 mM TTX (asterisk in Figure 4A).
To relate the voltage-gated Na1 currents to the fast(Figure 3C). This strongly suggests that Na1 action po-
tentials would be elicited in human rods when a light is action potentials in human rods, their kinetics were ana-
lyzed in detail. The decay phase of the Na1 currentsturned off.
induced by depolarization to 240 mV could be fitted by
a single exponential function of a time constant of 1.6Voltage-Gated Na1 Currents in Human Rods
ms (Figure 5A). The decaying time constant of the Na1To understand the mechanism underlying spike genera-
currents was maximal at 250 mV (2.3 6 0.1 ms, n 5 4),tions in human rods, we recorded their membrane cur-
and decreased as the membrane voltage was depolar-rents under voltage-clamp conditions. A steady inward
ized (Figure 5B). The kinetics of the voltage-gated Na1current of 250 pA was observed at a holding potential
current is much faster than that of voltage-gated Ca21(Vh) of 2100 mV (Figure 4A). Depolarizing voltage steps
currents in other preparations (Kawai et al., 1996; Wanginduced a transient inward current (arrow in Figure 4A)
et al., 1997; Hidaka and Ishida, 1998), suggesting thatimmediately following the fast capacitive current. The
the voltage-gated Na1 currents are responsible for gen-transient inward current began to be activated at
erating fast action potentials in human rods. The activa-250 mV, and was maximal at 240 mV (Figures 4B and
tion and inactivation curves of voltage-gated Na1 cur-4D). A similar current was recorded in 14 out of 21 rods
rents were fitted by a single Boltzmann function (Figuresin the retinae obtained from patients with retinal detach-
5C and 5D). The half-activation voltage was 235 mV,ment, and in 3 out of 3 rods in the retina obtained by a
and the half-inactivation voltage 265 mV (n 5 4). Thesesurgery for foveal translocation. Mean peak amplitude
values are similar to those of voltage-gated Na1 currentswas 441 6 20 pA (n 5 14) in the retinal detachment and
in other preparations (Kawai et al., 1996; Wang et al.,452 6 43 pA (n 5 3) in the foveal translocation. However,
1997; Hidaka and Ishida, 1998).when a Vh was 250 mV, depolarizing voltage steps did
not evoke the transient inward current (not shown), prob-
ably due to inactivation of the current. This current was Hyperpolarization-Activated Cationic Current
(h Current) in Human Rodsreversibly blocked by 1 mM TTX (Figure 4C), however,
1 mM Co21 was ineffective. This implies that the transient Given that a light stimulus hyperpolarizes rods (Yau and
Baylor, 1989; Torre et al., 1995; Pugh et al., 1999), weinward current is carried through voltage-gated Na1
channels and that action potentials in human rods are explored the membrane currents activated by hyperpo-
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Figure 4. Human Rod Photoreceptors Express Voltage-Gated Na1
ChannelsFigure 3. Na1 Action Potentials of a Rod Occurred during the Re-
covery Phase of Hyperpolarizing Responses (A) Membrane currents of a human rod induced by depolarizing
voltage steps from a holding potential (Vh) of 2100 mV. Command(A) Voltage responses to hyperpolarizing current steps of various
voltages were increased in 10 mV steps from 2100 mV to 140 mV.intensities (260, 280, and 2100 pA). The resting potential was depo-
The current responses were recorded from the same rod as in Figurelarized to approximately 240 mV by injection of 150 pA steady
1. Co21 (1 mM), picrotoxin (100 mM), and strychnine (1 mM) werecurrent. Co21 (1 mM), picrotoxin (100 mM), and strychnine (1 mM)
added to the bath solution, and the recording pipette was filled withwere added to the bath solution, and the recording pipette was
K1 solution.filled with 140 mM KCl solution.
(B) Current responses in (A) are shown at the faster time scale.(B) Voltage responses to 280 pA current injection of various “off”
Command voltages were increased in 10 mV steps from 260 mVslopes (13.2, 11.07, 10.64, 10.46, and 10.36 pA/ms). The time
to 0 mV.course of each current pulse was shown at the bottom of the figure.
(C) Current responses recorded from the same cell as in (B) in theThe resting potential was depolarized to approximately 240 mV by
bath solution containing 1 mM TTX. Command voltages were alsoinjection of 150 pA steady current.
the same as in (B).(C) Voltage responses recorded from the same cell as in (B) in the
(D) I-V relationship of voltage-gated Na1 currents. Peak Na1 currentsbath solution containing 1 mM tetrodotoxin (TTX). Conditions of
were plotted against test-pulse voltage.injected currents were also the same as in (B).
3B and 3C) from an initial hyperpolarization during injec-
larization from the resting potential of rods in darkness tion of steady negative current.
(240 mV) (Schneeweis and Schnapf, 1995). At a Vh of
240 mV hyperpolarizing voltage steps evoked a slow Discussion
inward current (Figure 6A). After the termination of the
command pulse, an inward tail current was also re- Comparison of Na1 Spikes with Ca21 Spikes
corded (asterisk in Figure 6A). These currents were We have shown that human rods express voltage-gated
markedly reduced by 1 mM Cs1, a blocker of a hyperpo- Na1 channels, and can generate Na1 action potentials.
larization-activated cationic current (h current) (Bader In contrast, photoreceptors of cold-blooded vertebrates
et al., 1982; Maricq and Korenbrot, 1990; Yagi and Mac- such as toads (Fain et al., 1980), turtles (Gerschenfeld et
leish, 1994), in the bath (Figure 6B), but not by 20 mM al., 1980; Piccolino and Gerschenfeld, 1980) and lizards
tetraethylammonium chloride (TEA), a delayed rectifier (Maricq and Korenbrot, 1988) do not express voltage-
K1 current blocker (Figure 6C), or 200 mM Ba21, an anom- gated Na1 channels, but express voltage-gated Ca21
alous rectifier K1 current blocker (Figure 6D) (Kaneko channels and generate Ca21 action potentials. In toad
and Tachibana, 1985). This would indicate that the in- rods, depolarizing regenerative potentials occurred dur-
ward currents during and after the command pulses are ing the recovery phase of the light responses (Fain et
an h current (Ih). Ih is also found in photoreceptors of al., 1980). The amplitude of action potentials depends
lower vertebrates (Bader et al., 1982; Maricq and Koren- upon the extracellular Ca21 concentration, and is in-
brot, 1990) and monkey retinae (Yagi and Macleish, creased by substitution of Sr21 for Ca21. Action poten-
1994), but absent in chicken photoreceptors (Wilson and tials in toad rods are blocked by 25 mM Cd21 and 100 mM
Gleason, 1991). Because Ih is gradually activated by Co21, but unaffected by 1 mM TTX (Fain et al., 1980).
hyperpolarization, its kinetic properties suggest that Ih Similar results are reported in turtle cone photorecep-
tors (Gerschenfeld et al., 1980; Piccolino and Gerschen-is primarily responsible for the decline (arrows in Figures
Na1 Spikes in Human Rods
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Figure 5. Kinetics and Voltage-Dependence of Voltage-Gated Na1
Currents in Human Rods
(A) Voltage-gated Na1 currents induced by depolarization to 240
mV (Vh 5 2100 mV). Bath solution contained Cs1 (5 mM), TEA (20 Figure 6. Hyperpolarization-Activated Cationic Currents (h Cur-
mM), Co21 (1 mM), picrotoxin (100 mM), and strychnine (1 mM), and rents) in a Human Rod
the recording pipette was filled with Cs1 solution. The dashed line
(A) Membrane currents induced by hyperpolarization from a Vh ofrepresents a single exponential function obtained by least-square
240 mV. Command voltages were increased in 10 mV steps fromnonlinear fit to the data.
2100 mV to 240 mV. Immediately after the termination of the com-(B) The mean decay rate of voltage-gated Na1 currents was plotted
mand pulse, a fast inward current (voltage-gated Na1 current) wasagainst voltage (n 5 4). Short vertical bars represent SEM.
also observed.(C and D) Activation and inactivate curves of the voltage-gated Na1
(B–D) Current responses recorded from the same cell as in (A) incurrents recorded in the same bath solution as in (A) (n 5 4). Test
the bath solution containing 1 mM Cs1 (B), 20 mM TEA (C), or 200voltage for inactivation curves after a 1 s conditioning pulse was 0
mM Ba21 (D). Command voltages were also the same as in (A).mV. Lines represent a single Boltzmann function obtained by least-
square nonlinear fit to the data.
and Macleish, 1994), the Na1 channels might have been
lost. Another possibility is just a simple species differ-feld, 1980). In addition, Maricq and Korenbrot (1988)
ence. It is interesting to note that, very recently, Panshowed that in addition to voltage-gated Ca21 currents,
and Hu (2000) reported that voltage-gated Na1 channelsCa21-dependent Cl2 currents are also involved in spike
are expressed in approximately half of rat bipolar cells.generations in lizard cones. These observations suggest
Their observation and our results raise the possibilitythat action potentials, which occur in lower vertebrate
that voltage-gated Na1 channels might be expressedphotoreceptors, are not Na1 spikes but Ca21 spikes.
not only in human rods but also in photoreceptors andRecently, Ca21 action potentials were observed in
bipolar cells of the other mammalian retinae. The evi-goldfish retinal bipolar cells (Zenisek and Matthews,
dence described above may also suggest that photore-1998; Protti et al., 2000), which have been characterized
ceptors and bipolar cells in lower vertebrate retinae uti-as nonspiking interneurons (Kaneko and Tachibana,
lize Ca21 spikes, whereas those cells in mammalian1985; Kaneko et al., 1989; Wa¨ssle and Boycott, 1991;
retinae might choose Na1 spikes specifically. Since Na1Masland, 1996; Cook and McReynolds, 1998; DeVries
spikes are known to exhibit much faster kinetics thanand Schwartz, 1999). Zenisek and Matthews (1998) re-
Ca21 spikes (Fain et al., 1980; Gerschenfeld et al., 1980;ported that injection of depolarizing current steps to a
Piccolino and Gerschenfeld, 1980; Maricq and Koren-bipolar cell induced action potentials which were
brot, 1988; Zenisek and Matthews, 1998; Protti et al.,blocked by 50 mM Cd21. They suggested that action
2000), Na1 spikes in human rods might serve to acceler-potentials in bipolar cells originate from the voltage-
ate the visual signals more rapidly compared with Ca21gated Ca21 channels of the synaptic terminal. It is also
spikes in cold-blooded vertebrates.known that in dark-adapted retina light flashes evoke
Ca21 spikes in goldfish bipolar cells (Protti et al., 2000).
The reason for differences in the presence of voltage- Voltage-Gated Na1 Currents in Human Rods
Wen et al. (1994) reported a TTX-sensitive Na1 current ingated Na1 channels between species is unclear at pres-
ent. However, since the membrane currents of photore- cultured human and monkey retinal pigment epithelium
(RPE) cells but none in RPE cells from freshly isolatedceptors were recorded from dissociated cells rather
than from the retinal slice in previous experiments tissue. They speculated that a wound-healing type re-
sponse might initiate expression of the TTX-sensitive(Bader et al., 1982; Maricq and Korenbrot, 1990; Yagi
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Na1 channels in RPE cells. This raises the possibility 1999; Wa¨ssle, 1999; Dacey, 1999, 2000). Thus, the pho-
tovoltage signals of human photoreceptors generated atthat the retinal detachment may also initiate expression
their inner segments may be attenuated at the synapticof voltage-gated Na1 channels in human rods, because
terminals. Na1 spikes generated at the end of a lightin the retinal detachment photoreceptors are isolated
stimulus might contribute to preventing the decay of thefrom the RPE before surgery. The time that passed after
visual signal along the axons. Indeed, when the light isthe detachment of photoreceptors varied between pa-
turned off, spike-like current responses are observedtients, but was typically more than one day. However,
in the monkey photoreceptors using suction electrodewe confirmed that the voltage-gated Na1 channels were
recordings (Schnapf et al., 1990). Schnapf et al. (1990)also expressed in rods of a freshly isolated human retina,
recorded the membrane current from cone outer seg-which was obtained from the foveal translocation sur-
ments protruding from small pieces of monkey retina.gery. In this surgery, an intentional retinal detachment
They observed spike-like current responses in the coneis created to rotate the retina (see Experimental Proce-
when a narrow suction electrode squeezed its inner seg-dures), thus ruling out an injury-induced change in phe-
ment. Spike-like current responses are absent duringnotypic expression of the Na1 channels in human rods.
the light illumination when the cone presumably hyper-Voltage-gated Na1 currents were not observed in 7
polarizes. These observations are strongly supportedout of 24 human rods (29%). The reason for this is still
by our current-clamp experiments (Figure 3). Becauseunclear, but there are several possibilities: (1) Certain
photoreceptors of cold-blooded vertebrates generatetypes of human rods may not express voltage-gated
Ca21 action potentials (Fain et al., 1980; GerschenfeldNa1 channels. (2) Even if all intact rods expressed volt-
et al., 1980; Piccolino and Gerschenfeld, 1980), Schnapfage-gated Na1 channels, the voltage-gated Na1 chan-
et al. (1990) speculated that the spike-like current re-nels in some rods might have been lost, because we
sponses in the monkey cones might result from regener-used the retinal slice preparations.
ative activity of voltage-gated Ca21 currents.
However, their subsequent photovoltage recordingsComparison of Voltage-Gated Na1 Currents
with patch pipettes show no hint of action potentialswith T Type Ca21 Currents
in monkey photoreceptors (Schneeweis and Schnapf,Among the several types of voltage-gated Ca21 currents
1995; 1999; 2000). In their previous experiments within various preparations, T type Ca21 currents are known
suction pipettes (Schnapf et al., 1990), they used a longto decay rapidly (Nowycky et al., 1985; Kaneko et al.,
light stimulus (z8 s), whereas in the subsequent experi-1989; Kawai et al., 1996). To distinguish voltage-gated
ments using patch-clamp recordings (Schneeweis andNa1 currents from T type Ca21 currents, we measured
Schnapf, 1995; 1999; 2000) they used a brief test flashthe decay rate of the transient inward currents in human
(10 ms). The mean dark resting potential of monkey rodsrods. The decay rate of the inward currents evoked by
was 237 mV and the mean maximal hyperpolarizationmembrane depolarization between 250 mV and 110
to the brief flash was 222 mV (Schneeweis and Schnapf,mV was 0.6–2.3 ms (Figure 5B). These values are similar
1995). Thus, in response to brief flashes, the membraneto the rates of voltage-gated Na1 currents in other prep-
potential of monkey rods keeps more positive thanarations (z0.5–2 ms; Kawai et al., 1996; Hidaka and
260 mV. In the present experiment, injection of hyperpo-Ishida, 1998), but much faster than those of T type Ca21
larizing current step of 260 pA to a human rod failedcurrents (z20–50 ms; Nowycky et al., 1985; Kaneko et
to generate Na1 spikes, but current steps of 280 andal., 1989; Kawai et al., 1996).
2100 pA generated marked Na1 spikes (Figure 3A). InActivation and inactivation curves of the transient in-
the former condition the membrane potential was hyper-
ward currents in human rods are also different from
polarized to approximately 260 mV, whereas in the latter
those of T type Ca21 currents in other preparations. The
conditions it was hyperpolarized to approximately
half-activation voltage of the transient inward currents
270 mV. Therefore, in order to generate Na1 spikes, the
in human rods was 235 mV, and their half-inactivation membrane potential of primate photoreceptors would
voltage 265 mV (Figures 5C and 5D). These values are require a greater negative voltage than 270 mV to re-
z10 mV more positive than those of T type Ca21 currents move inactivation of voltage-gated Na1 currents. This
in other tissues (Nowycky et al., 1985; Kaneko et al., is consistent with the value of the inactivation curve of
1989; Kawai et al., 1996). Furthermore, the transient in- the Na1 currents (Figure 5D).
ward currents in human rods were completely blocked Using recording pipettes filled with a high chloride
by 1 mM TTX. These results strongly suggest that the concentration (140 mM KCl), we observed a single action
human rods express at the least voltage-gated Na1 potential in human rods (Figure 2A). In contrast, when
channels in their inner segments and/or axons. In the we used recording pipettes filled with a low chloride
present study, however, we added 1 mM Co21 to the concentration (15 mM KCl 1 125 mM potassium gluco-
bath solution in order to block synaptic inputs from other nate), repetitive firings were recorded in 2 out of 3 rods
neurons; we cannot exclude the possibility that human (Figure 2C), which is similar to continued spiking current
rods may also express T type Ca21 channels. responses reported in the monkey cones (Schnapf et
al., 1990). Repetitive firing in human rods may require
Functional Significance of Na1 Action Potentials low or physiological chloride concentrations.
in Human Rods Na1 action potentials in human rods may be generated
The photoreceptor axon in the primate retina is quite normally in vivo, when their membrane potentials are
long (up to 500 mm in human fovea) compared with those hyperpolarized well below 250 mV by light. We suggest
of cold-blooded vertebrates (Schein, 1988; Calkins et al., that Na1 spikes, generated at the termination of an inten-
sive and long light stimulus, may cause a greater than1994; Calkins and Sterling, 1999; Roorda and Williams,
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solution (in mM): KCl, 140; CaCl2, 1; EGTA, 5; HEPES, 10, K1 solutionnormal release of transmitter at that time by activating
with a low concentration of chloride: potassium gluconate, 125; KCl,Ca21 channels in the synaptic terminal, and thus selec-
15; CaCl2, 1; EGTA, 5; HEPES, 10, or Cs1 solution: CsCl, 140; CaCl2,tively amplify the “off” part of the light signal. If so, after
1; EGTA, 5; HEPES, 10. The solution was adjusted with KOH or CsOH
the light stimulus is turned off, one should perceive it to pH 7.4. Pipette resistance was about 9 MV. All test substances
as darker than normal. Indeed, this psychophysical phe- (tetrodotoxin, tetraethylammonium chloride, CsCl, or BaCl2) were
applied through the bath.nomenon is known as “negative after-images” or “suc-
cessive contrast” (McDougall, 1904; Davson, 1972). Al-
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